The objective of this study was to demonstrate that municipal and industrial wastewater sludges could be used as a sole raw material to sustain growth of rhizobia. Growth of two different groups of rhizobium (fast growing: Sinorhizobium meliloti, Rhizobium leguminosarum bv viciae; and slow growing: Bradyrhizobium japonicum and Bradyrhizobium elkanii) was tested on primary, secondary and mixed sludges obtained from different wastewater treatment plants. The results obtained in Erlenmeyer flasks indicated that slow-and fastgrowing rhizobia grew well in sludge. Generally, the number of cells of rhizobia exceeds 1 × 10 9 cfu/mL in 72 h. The composition of sludges varies with the sludge type and origin. The sludge composition affected the generation time, cell yield and nodulation index. Higher solids concentration tended to give higher generation time. The high sludge metals concentration did not affect the growth kinetics of rhizobia. However, primary sludge could inhibit cell growth. Acid, alkaline and oxidative pre-treatments increased the primary sludge biodegradability and consequently the cell count of S. meliloti. Pre-treatment of pulp and paper sludge with NaOH enhanced the bacterial cell concentration to a maximum 1 × 10 10 cfu/mL. Sludge pre-treatment decreased the generation time and reduced the process time.
Introduction
The industrial production of legume inoculant of selected Rhizobium species in liquid medium is largely governed by the cost of production and availability of a suitable carbon source (Bissonnette et al. 1986 ). The standard medium includes mannitol, sucrose or glycerol as the carbon source, yeast extract as a source of nitrogen, growth factors and mineral salts. The YMB medium (Yeast Mannitol Broth) has been used for a laboratory-scale production, however, its industrial use is limited due to high cost. Some industrial by-products, such as corn-steep liquor (Burton 1979) , proteolyzed pea husks (Gulati 1979) , malt sprouts (Bioardi et al. 1985) , industrial-grade yeast extract (Meade et al. 1985) and the whey generated by the cheese industry (Bissonnette et al. 1986 ) have been used for commercial production of inocula. All these materials contain growth factors, nitrogen and carbon for growth of various strains of Rhizobium. However, the majority of waste needs a pre-treatment and, most importantly, the standard medium could not be completely replaced by the by-products (Bioardi et al. 1985) .
Industrial and municipal wastewater treatment plants produce a large amount of sludge. The disposal and/or utilization of wastewater sludge is an increasing environmental problem. The sludge handling and disposal cost represents 30 to 40% of the capital cost and about 50% of the operating cost of a typical wastewater treatment facility (Vesilind 1974) . Land-filling (Bradley et al. 1992; E.P.A. 1993) , ocean discharge (Gross 1993 ) and land application (Golueke 1992) are conventional sludge disposal methods. The conversion of sludge into building materials (Tay and Show 1992) as well as oils (Campbell and Martinoli 1991) are new techniques being developed for sludge disposal. Wastewater sludge contains nitrogen, phosphorus, biodegradable carbon, nutrients and many other nutrients (Gouvernement du Québec 1991), suggesting that this material could serve as a raw material for bacterial cell growth. The present study was conducted to explore the possibility of sewage sludge utilization as a raw material for the production of rhizobia used to inoculate leguminous agriculture crops.
Material and Methods

Sludge Sampling
Sludge from six different municipal and industrial wastewater treatment plants located in the province of Québec was sampled. Three types of sludges were used in the study: (i) primary sludges from the municipal wastewater plant of Black Lake (BLKP) and Valcartier (VaLP); (ii) secondary sludges from the municipal wastewater treatment plant of Black Lake (BLKS) and Valcartier (VALS) and from pulp and paper (chemithermomechanical process) wastewater treatment plant (PPS) (BLKS sludge was obtained from sequential batch reactor, VALS and PPS sludges were obtained from activated sludge process); and (iii) mixed sludge from Communauté Urbaine du Québec municipal wastewater treatment plant (CUQ). This sludge was a mixture of primary clarifier sludge and secondary sludge obtained from a biofilter (Biodorf).
The sludge samples were sterilized by autoclaving at 121°C for 20 minutes, and stored at 4°C until their use.
Sludge Analysis
Total solids (TS), total suspended solids (TSS), volatile solids (VS) and volatile suspended solids (VSS) were determined (w/v) according to the Standard Methods (APHA et al. 1992 ). The total Kjeldahl nitrogen (TKN), phosphorus (P t ) and total organic carbon (TOC) were analyzed after digestion, using the standard methods (APHA et al. 1992) . Chemical oxygen demand (COD), ammonium (N-NH 4 ) and soluble phosphates (PO 2-4 ) were also analyzed in the sludge liquid fraction (APHA et al. 1992) . Heavy metals (Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) as well as mineral salts (Mg, Ca and Na) were determined after digestion using ICP Thermogerell Ash Corp (APHA et al. 1992 ).
Microorganisms
Two classes of Rhizobium strains were used in the present study: (i) fast-growing, Sinorhizobium meliloti A 2 (alfalfa nodulating) and Rhizobium leguminosarum bv viciae ATCC10004 (pea nodulating); (ii) slow-growing, Bradyrhizobium japonicum 532C (soya nodulating) and Bradyrhizobium elkanii USDA76 (soya nodulating).
Inoculum Preparation
The inocula for the experiments were prepared by growing strains in 250-mL Erlenmeyer flasks containing 25 mL of the sterilized standard medium (YMB: Yeast Mannitol Broth). The flasks were incubated at 30°C for 48 and 72 hours for the fast-and slow-growing strains, respectively, on a rotary shaker at 200 rpm. The standard medium contained the following constituents (in grams per litre): K 2 HPO 4 , 0.5; MgSO 4 .7H 2 O, 0.2; NaCl, 0.1; yeast extract, 1; and mannitol, 10.
Growth Experiments
Growth experiments were carried out in 250-mL Erlenmeyer flasks each containing 50 mL of sterile sludge or standard medium. Flasks were inoculated with 3% (vol/vol) inoculum. The conditions used in the experiments were the same as those used to prepare the corresponding inoculum. Samples of 0.5 mL were drawn during growth. Cell counts were performed on agar (1.5%) plates using YMB with Congo red (0.25%) after serial dilutions of samples in salt buffer (NaCl 0.85%). After fermentation, the samples of sludge-grown rhizobia were stored at -20°C until their use for the nodulation test. All experiments were conducted in duplicate.
Nodulation Potential
The nodulation potential of rhizobia was evaluated on soya, alfalfa and pea in seed growth pouches (Mega International, Minneapolis) fed with nutrient N-free solution (Vincent 1970) . Two millilitres of each culture was used to inoculate plants. After 28 days growth, plants were observed for nodulation. The nodulation index was determined according to the nodule size, colour and number (Table 1) .
Sludge Pre-treatments
Acid pre-treatment One hundred millilitres of each sterile sludge was acidified to pH 2 using H 2 SO 4 (1N). After a 24-hour acid treatment at room temperature and under agitation, the pH was raised to 7.0 with NaOH (2N). Sample was resterilized and inoculated after cooling with S. meliloti (A 2 ) inoculum.
Alkaline pre-treatment
Treatment consisted of a 24-hour hydrolysis of 100 mL sterile sludge with 185 meq/L of sodium hydroxide in 250-mL flasks which gave alkali concentrations of 0.21, 1.88, 0.24, 3.75, 0.40, 0.47 g NaOH/g TSS for VALP, VALS, BLKP, BLKS, CUQ and PPS sludge, respectively. After treatment at room temperature and under agitation, the pH was adjusted to 7.0 with H 2 SO 4 (1N). The sample was autoclaved again and inoculated after cooling with S. meliloti (A 2 ) inoculum.
Oxidative pre-treatment
The oxidative pre-treatment of sludge was carried out for 3 hours in 250-mL flasks in a shaking water bath (60 rpm, 70°C) using 100 mL sludge samples. The pH was adjusted to 3.0 using H 2 SO 4 (1N). H 2 O 2 (1 mL H 2 O 2 /L of sludge) was added from a stock solution (30% vol/vol) which gave H 2 O 2 concentrations of 28.57, 250.00, 31.50, 500, 53.33 and 62.50 µL H 2 O 2 /g TSS for VALP, VALS, BLKP, BLKS, CUQ and PPS sludge, respectively. After the treatment, the pH was adjusted to 7.0 using NaOH (2N) followed by sterilization. After cooling, the samples were inoculated with S. meliloti (A 2 ) inoculum.
Results and Discussion
Sludge Composition
The composition of the different sludge samples is presented in Tables 2 and 3 . The sludges differ both physically and chemically. Sludge Nodulation index = A*B*C ≤ 18 composition is strongly influenced by the process of wastewater treatment and the origin of the wastewater. The total solids and total suspended solids were generally higher in the primary (VALP, BLKP) and in mixed (CUQ) sludges. All the six sludges had a pH between 6 and 7 except for the primary sludge of Valcartier (VALP) which was of low pH. Total organic carbon was higher in VALP, CUQ and PPS sludges. The secondary sludge of Valcartier had a higher organic C and total N. Various concentrations of C and N in raw sludge gave a large variation in C:N ratio. Liquid fraction of sludge contains higher quantity of ammonium, COD and PO 2-4 . This indicates that the sludge origin is likely to influence growth of rhizobia. According to Vincent (1970) rhizobia need 10 g/L of mannitol (equivalent of 4 g/L of carbon), 80 mg/L of organic nitrogen and 90 mg/L of phosphorus. Na, Ca and Mg concentrations in the sludge were high. It is generally conceded that rhizobia need small amounts of Mg, Ca and K (Vincent 1977 ) and it appears that fast growers need more Ca than slow growers do (Burton 1979) . Ca stimulates the growth of the bacteria and Mg acts as an enzymatic regulator (Vincent 1962; Sherwood 1972; Norris 1959 ). The Ca:Mg ratio seems to have more impact on the growth of rhizobia than the quantity of Ca and Mg considered separately (Vincent 1962) . Certain strains are greatly affected by the ratio while others are not. For example, R. trifolii seems to be unaffected by Ca:Mg ratios between 10 to 1:30, while S. meliloti prefers lower Ca:Mg ratios (Steinborn and Roughley 1975) .
The concentration of heavy metals was strongly influenced by the origin of each sludge (Table 3 ). The metal concentrations were generally below the level recommended for agricultural practices except for Cu. Cu concentrations exceeded the recommended level of 600 mg/kg dry sludge (Gouvernement du Québec 1991) for VALP, VALS, BLKP and BLKS. Certain metals such as Zn, Mn and Fe are necessary for growth of rhizobium. Zn stimulates rhizobial growth (Wilson and Reisenauer 1970b) and Fe plays an important part in the transport of the electrons and acts as a cofactor for many enzymatic reactions (Quispel 1974) . Other metals such as Ni and Cu can be toxic for the rhizobia (Wilson and Reinsenauer 1970a; Lowe and Evans 1962) . According to Iqbal et al. (1990) , Cu and Ni at a concentration of 100 and 25 ppm, respectively, significantly reduced rhizobium growth.
Sludge contains nutritive substances (C, N, P and macronutrients) at concentrations sufficient to sustain the rhizobial growth. Sludge composition varies with origin, however this potentially influences growth and survival of rhizobia and nodulation potential.
Influence of Sludge Origin on Growth of Rhizobia
Fast-growing strains The growth curves for S. meliloti and R. leguminosarum bv viciae obtained using different sludges as substrate are shown in Fig. 1 . The results of various experiments carried out with S. meliloti showed that this bacteria grew well in all sludges tested. For secondary sludges (BLKS and VALS), no lag period was detected or the lag phase finished before the first sampling (after six hours of inoculation). However, for VALP, BLKP and PPS an adaptation phase was observed. In all cases, the stationary growth phase was attained within 48 to 54 hours. A summary of cell counts, initial and final pH, and generation times is presented in Table 4 . All secondary sludges gave a higher cell count than that demonstrated by primary sludges, but in some cases not statistically significant. In PPS sludge, the cell concentration reached a maximum of 3.30 × 10 9 cfu/mL, statistically similar to that obtained on YMB media (Table 4) . Moreover, concentrations of cells attained in all primary sludges were significantly lower than those achieved by using YMB medium. There was a significant Fig. 1 . Growth of fast-growing rhizobia on different sludges and on YMB media; means of two replicates. variation of generation time using different sludges as substrates (Table 4) . The values of generation time for all sludges are definitely higher than that obtained on YMB medium (5.53 hours). The generation time ranges from 6 to 9 hours for VALS, BLKS, PPS and CUQ sludges. However, in VALP and BLKP the generation time exceeded 9 hours.
It seems that the rhizobial growth was strongly influenced by the sludge composition. For S. meliloti, high solids concentrations tended to increase the generation time and decrease the cell yield. A generation time greater than 10 hours was obtained with 35,000 mg/L of TSS (case of VALP) and 31,750 mg/L of TSS (case of BLKP). However, a generation time between 6.27 and 8.25 hours was obtained with a TSS less than 20,000 mg/L. It is also clear from Table 2 that the C:N ratio increases with solids concentration (considering different sludges). Thus, the C:N ratio tends to affect rhizobial growth in a similar way as described for solids.
The Ca:Mg ratio has been reported to affect rhizobial growth (Vincent 1962) . However, no correlation was observed between Ca:Mg ratio and rhizobial growth on different sludges in this work. The behaviour of rhizobia with respect to Ca:Mg ratio may be attributed to the form of these components, thus affecting their bioavailability.
The metal composition of sludge varies with sludge origin. Sludge analyses show that VALS sludge which contained high concentrations of Cr, Cu, Fe, Ni, Pb and Zn, yielded a generation time statistically similar to the value obtained with PPS. Moreover, metal concentration of VALP, In contrast to S. meliloti, an inhibition of R. leguminosarum bv viciae was observed when VALP and CUQ sludges were used as a growth media (Fig. 1) . Therefore, the two strains do not grow in a similar way on different sludges. This difference in growth can not be explained exactly with the present data due to the variation and complex nature of different sludges. For R. leguminosarum bv viciae, no difference in the growth curves was observed between BLKS, VALS and PPS (Fig. 1) . For these cases, the exponential growth was finished within 50 hours and the generation time was about 5 hours. In addition, it is interesting to note that a lag period of about 30 hours was observed with BLKP sludge. Similar cell yields were obtained with BLKP, BLKS, VALS and PPS, and the lowest value of cell yield was obtained on VALS (2.45 × 10 9 cfu/mL) ( Table 4) . These yields were not significantly different from YMB media. The maximum cell number was attained in 50 hours. In standard medium, the maximum cell number was attained within 40 hours.
Slow-growing strains
The results obtained with B. japonicum and B elkanii are shown in Fig. 2 and Table 5 . The results show that secondary sludges (PPS, VALS, and BLKS) well sustain growth of B. japonicum after a lag period of 12 hours. During this period the cell count decreased. The exponential growth persisted between 12 and 70 hours. The generation time was 8.08, 8.67 and 11.79 hours for PPS, VALS, and BLKS, respectively. The highest cell count (1.58 × 10 9 cfu/mL) was observed using PPS sludge, but it was significantly lower than that in the standard medium (4.20 × 10 9 cfu/mL). Similar results were obtained with B. elkanii. However, the maximum cell concentration was not significantly different from that obtained using the standard medium (Table 5 ). The generation time was ranged from 9.80 to 11.37 hours.
The only primary sludge able to sustain growth of the two slowgrowing rhizobium strains was BLKP. This inhibition, again, could be the result of the sludge compositions. In the case of BLKP, an important period of adaptation was observed. This period was about 65 and 30 hours, respectively, for B. japonicum and B. elkanii. This reflects the different behaviour of various strains in the same (BLKP) sludge.
Variation of pH During Growth of Rhizobia
Before inoculation, all sludge samples were adjusted to pH 7. For fast-growing strains, pH values obtained at the end of sludge fermentation ranged between 8.3 and 9.1 (Table 4) . However, for the mannitol (standard) medium the final pH decreased to 5.8 (for S. meliloti). It is well known that fast-growing bacteria accumulate organic acids in the standard medium. However, sludge buffering capacity Tyagi et al. 1993 ) is very high, neutralizing the acids produced. On the other hand, sludge alkalinity may also increase (during uncontrolled pH) due to the release of some sludge components, for example, the liberation of calcium from its complex form. This explanation was suggested during growth of rhizobium on cheese whey as a media (Bissonnette et al. 1986 ). Moreover, bacterial degradation of protein may also increase the pH by releasing of ammonium nitrogen. In contrast, slow growers increased the final pH of standard as well as sludge media (Table 5 ). The final pH could also be influenced by the varying sludge composition. 
Influence of Sludge-Grown Rhizobia on Nodulation
Nodulation potential was tested with alfalfa, soya and pea plants. Table 6 summarizes the nodulation indexes for all rhizobia strains tested in this study. S. meliloti and R. leguminosarum bv viciae nodulated their plants alfalfa and pea, respectively, to various degrees depending probably on the origin of media used for growth. The nodulation index ranged from 6.0 to 12.0 and from 11.2 to 12.4 for S. meliloti and R. leguminosarum bv viciae, respectively. Only BLKS-grown S. meliloti were capable of yielding a nodulation index similar to that obtained with standard media. However, for R. leguminosarum bv viciae the nodulation indexes for all media were not significantly different. Similar to the fast-growing strains, B. japonicum showed a nodulation index with soya, that varied from 8.8 to 15.6. PPS and VALS-grown B. japonicum gave a nodulation index significantly lower than that obtained with YMB. The variability of the nodulation index between sludges and rhizobial strains may be attributed to: (1) a poor survival rate of sludge-grown rhizobia after freezing; and (2) an inhibitory effect of sludge constituents on the nodulation process.
Influence of Pre-treatments on the Production of S. meliloti
The degree of sludge hydrolysis and/or increase in the availability of organic substrate before and after various treatments was evaluated by growth of S. meliloti. The results of these experiments are presented in Table 7 . In all sludge samples an increase in final pH was observed (Table 7) . Thus, the pre-treatment of sludges does not affect the pattern of pH change during growth of S. meliloti. For all sludges, a growth lag period was not observed and stationary phase was attained within 40 to 70 hours depending on type of pretreatment (Fig. 3) . The effect of pre-treatment on rhizobial growth varied with sludge origin and the type of treatment. In general, for the same sludge, all treatments except oxidative treatment tend to decrease the generation time significantly (Table 7 ). In the case of BLKS sludge, the maximum cell count was 2.20 × 10 9 cfu/mL without treatment and 3.90 × 10 9 cfu/mL with acid treatment. In the case of PPS sludge, the maximum count was significantly enhanced with alkali and oxidative treatments. Cell count was 1.74 × 10 9 , 10.70 × 10 9 and 3.83 × 10 9 cfu/mL for without treatment, with alkali treatment and oxidative treatment, respectively. The generation time was also significantly reduced with PPS sludge treatment. For VALS, acid treatment significantly increased the cell count, but NaOH and H 2 O 2 resulted in reduced cell count. However, generation time remain unchanged (4.93 hours) with acid treatment and increased with the other treatments.
The decrease in cell yield and increase in generation time with certain sludge pre-treatment (Table 7) may be due to a deterioration of some biodegradable compounds in sludge, especially for the sludge which contain a lower solids concentration.
It seems that the sludge solids concentration is a factor that influenced the extent of acid, alkali and oxidative hydrolysis. The concentra- It is difficult to generalize the effect of various treatments on primary sludges of different origin. For VALP sludge, no significant improvement was observed in terms of cell count and generation time. For BLKP, there was a decrease in generation time after acid and alkali treatments. It was also observed that, after alkali treatment in CUQ sludge, cell yield was significantly increased. Table 7 . Growth results of S. meliloti after sludge pre-treatments
The enhancement of the maximum cell count and the decrease of the generation time are a result of an increase in the sludge biodegradability. The acid hydrolysis solubilizes the sludge organic matter (Rajan et al. 1989) . Alkaline and oxidative treatment of lignocellulosic materials have been observed to induce swelling in particulate organics, making the cellular substances more susceptible to enzymatic attack during saccharification (Tagaki 1987; Baccay et al. 1984) . It is also important to mention that there are many factors that may influence the enhancement of biodegradability of the sludge. Among these are concentration of solids, fibre or cellulose, organic component, various forms of nitrogen, grease, particle size and type of sludge (Karr and Keinath 1978) . Therefore, it is apparent that the reaction conditions to be used in each pre-treatment to enhance the cell yield and decrease the generation time needs to be optimized in each type of sludge separately.
The nodulation capacity of the rhizobium-grown sludge with and without pre-treatment is shown in Table 7 . The nodulation index ranged between 4.8 and 11.2 depending upon the pre-treatment process and the sludge origin. In general, the nodulation index increased with sludge treatment except for BLKS sludge. For BLKS sludge, acid and alkali pretreatments resulted in decreased nodulation index. For VALP sludge, pre-treatment tends to increase the nodulation index, which was almost similar to that obtained with YMB medium. The variability of the nodulation index for different sludge may also be due to the initial composition of sludges and to the changes in physical and chemical composition after pre-treatment. Further, systematic investigations are required to optimize the pre-treatment process and understand the growth and the nodulation processes. The research is being conducted in our laboratory to optimize the effect of sludge solids, aeration rate, and sludge pre-treatment (Ben Rebah et al. 2001 ).
Conclusion
The use of wastewater sludge for legume inoculants production represents a new option for sludge disposal/recycling and may substantially decrease the production cost of inoculants. This research has shown that wastewater sludge contains sufficient carbon, nitrogen, phosphorus and micronutrients to sustain growth of various strains of rhizobia. Sludge composition strongly affects growth of rhizobia. The pre-treatment of primary sludge resulted in an increase in the cell count and a decrease in the generation time of rhizobia. The efficiency of sludge pretreatment to improve the growth and nodulation capacity of rhizobia depends on the sludge solids concentration and on the origin of sludge.
